The three-dimensional X-ray crystal structure of the 'rare cutting' type II restriction endonuclease SgrAI bound to cognate DNA is presented. SgrAI forms a dimer bound to one duplex of DNA. Two Ca 2+ bind in the enzyme active site, with one ion at the interface between the protein and DNA, and the second bound distal from the DNA. These sites are differentially occupied by Mn 2+
INTRODUCTION
Sequence-specific endonucleases capable of cleaving longer recognition sequences are highly sought for use in genomic work, as longer sequences occur less frequently and allow the manipulation of larger DNA fragments. Typical type II restriction endonucleases (REs) cleave 6 bp target sequences, however, enzymes capable of cleaving longer sequences of 8 bp have also been identified.
The DNA bound structures of only two such enzymes, NotI (1) and SfiI (2) , have been reported to date. The 'rare cutting' RE SgrAI cleaves an 8 bp recognition (or cognate) sequence, CR|CCGGYG (|denotes cut site) (3) , and exhibits unusual biochemical properties including faster cleavage of plasmids bearing two sites over those with only one (4, 5) , and the cleavage of secondary sites (CR|CCGGY(A,C,T) and CR|CCGGGG) upon cleavage at cognate sites (6) . The molecular mechanism of this allostery and specificity modulation is unknown.
Type II REs typically bind and recognize palindromic sequences as dimers (7, 8) , but the unusual biochemical properties exhibited by SgrAI suggest the formation of a higher order oligomer such as a tetramer. At low enzyme concentrations SgrAI cleaves plasmids bearing one or two sites at equal rates, however higher concentrations of enzyme result in the faster cleavage of the two site plasmid (5) . The stimulation of DNA cleavage activity occurs through three-dimensional space as shown by the concerted cleavage of SgrAI cognate sequences on plasmids each bearing a single site but connected by concatenation (9) . Cleavage at cognate sequences in plasmids can also be stimulated by the addition of oligonucleotides containing the cognate sequence, either intact or mimicking the cleavage products of SgrAI (6) . Analytical ultracentrifugation shows that SgrAI exists as a dimer in the absence of DNA, but forms high molecular mass aggregates in the presence of a 20 bp DNA containing its recognition site (5) . The cleavage kinetics also suggest that DNA binding stimulates the formation of an activated conformation, which is presumably a tetramer or higher molecular weight species, as the DNA cleavage velocity shows sigmoidal dependence on DNA concentration (10) .
DNA cleavage at cognate sequences by SgrAI stimulates cleavage rates at other cognate sites and at secondary sites as well. The cleavage at secondary sites is 200-fold reduced relative to cognate (6) , but this difference is reduced to only 10-fold when the secondary sites are adjacent to DNA ends simulating the products from cognate DNA cleavage (6) . In addition, the secondary sites are cleaved 15-fold more slowly relative to cognate when present in a plasmid concatenated to one containing the cognate sequence, and 2.5-fold more slowly when present in the same plasmid (9) .
The target site of SgrAI, CRCCGGYG, is similar to those of two 6 bp cleaving REs with known threedimensional structures, Cfr10I (RCCGGY) and NgoMIV (GCCGGC) , that are known to form tetramers. However, although both Cfr10I (11) and NgoMIV (12) cleave two sites in a concerted manner, neither exhibit the modulation of specificity found in the cleavage activity of SgrAI. Here we present the structure of SgrAI bound to DNA and Ca 2+ and Mn 2+ and compare it to the structures of the related enzymes, Cfr10I and NgoMIV, in order to investigate the mechanism of allosteric modulation of activity and specificity by SgrAI.
MATERIALS AND METHODS

Protein purification
SgrAI restriction endonuclease was expressed in Escherichia coli strain ER2566, from plasmid pET21a_ SgrA1R, in the presence of the MspI methyltransferase expressed from the plasmid pBAKMspIM (New England Biolabs). Cells were grown at 378C in LB medium supplemented with 50 mg/ml ampicillin. Cells were induced to overexpress at an OD600 of 0.5-0.6 with 1 mM isopropyl b-D-thiogalactopyranoside, and incubated for further 4 h, then harvested by centrifugation. Cells were resuspended in 20 mM potassium phosphate buffer (pH 7.0), 50 mM NaCl, 0.1 mM EDTA, 10 mM 2-mercaptoethanol, 5% v/v glycerol, 50 mM PMSF and 100 mM benzamide, then lysed on ice by sonication. The lysate was centrifuged at 9979g for 1 h and the supernatant was centrifuged again at 125 171g for 1 h. The lysate was loaded onto a Heparin FF (Pharmacia) column and washed with 20 mM potassium phosphate buffer (pH 7.0), 50 mM NaCl, 0.1 mM EDTA, 10 mM 2-mercaptoethanol, 5% v/v glycerol. Protein was eluted with 20 mM potassium phosphate buffer (pH 7.0), 1 M NaCl, 0.1 mM EDTA, 10 mM 2-mercaptoethanol, 5% v/v glycerol. The pooled fractions containing SgrAI protein were dialyzed against 40 mM potassium phosphate buffer (pH 6.9), 0.1 mM EDTA, 10 mM 2-mercaptoethanol, 5% v/v glycerol, loaded onto an SP Sepharose FF (Pharmacia) column, and eluted with 40 mM potassium phosphate buffer (pH 6.9), 1 M NaCl, 0.1 mM EDTA, 5% v/v glycerol. The pooled fractions containing SgrAI protein were dialyzed against 10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA, 10 mM 2-mercaptoethanol, 5% v/v glycerol, loaded onto a Q FF (Pharmacia) column, and eluted with 10 mM Tris-HCl (pH 8.0), 1 M NaCl, 0.1 mM EDTA, 10 mM 2-mercaptoethanol, 5% v/v glycerol. The pooled fractions containing SgrAI protein were loaded directly onto a Heparin FF (Pharmacia) column, and the column was washed with 10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA, 10 mM 2-mercaptoethanol, 5% v/v glycerol. SgrAI was eluted with 10 mM Tris-HCl (pH 8.0), 1 M NaCl, 0.1 mM EDTA, 10 mM 2-mercaptoethanol, 5% v/v glycerol. SgrAI activity was followed throughout the purification using activity assays and visualization of purity via SDS-PAGE and Coomassie blue staining.
DNA preparation
All oligonucleotides were made synthetically (W. M. Keck Foundation Biotechnology Resource Center, Yale University, New Haven, CT) and purified using C18 reverse phase HPLC (13) . The concentration of each single strand was then measured spectrophotometrically, with extinction coefficients calculated from standard values for the nucleotides (14) . All oligonucleotides are self complementary (typically 100-400 mM each) and were annealed by heating to 908C for 10 min, followed by slow-cooling to 48C over 4-5 h in an Eppendorf thermocycler. The sequences of the DNA duplexes used for cocrystallization are:
Non-cognate 17-2 (G-G mismatch in bold):
Cognate 18:
Crystallization
Crystals were prepared with SgrAI and the two duplex oligonucleotides described earlier in the presence of 5-10 mM CaCl 2 or 10 mM MnCl 2 . The crystallization conditions included 1.5-3.0 ml of the protein:DNA mixture with 1.0-1. 
Solvent accessible surface area calculation
The amount of solvent accessible surface area (SASA) buried in the dimer-dimer interface of the Cfr10I, NgoMIV and modeled SgrAI tetramers was calculated using the program AREAIMOL in the CCP4 suite of programs (27) , which uses the algorithm of Lee and Richards (28) . The SASA was calculated for the whole tetramer, as well as for each dimer independent of the other. The amount of buried SASA was calculated as the difference between the sum of the two dimers with that of the tetramer.
RESULTS
Overall structure
The structure of SgrAI bound to DNA has been determined in two crystal forms, Forms 1 and 2. Form 1 has been refined to 1.91 Å with R cryst of 18.3% and R free of R free refers to the R factor for the test reflection set (3-5% of the total observed) which was excluded from refinement. (Table 2 ). An additional crystal form, Form 3, was used in the structure solution, but was not refined due to the limiting resolution (2.98 Å ). Forms 2 and 3 contain cognate DNA with the cognate sequence CACCGGTG (Cognate 18), while Form 1 contains DNA with G-G mismatches in one side of the recognition sequence (Non-cognate 17-2). The forms differ in the contents of the crystallographic asymmetric units; Form 1 contains one dimer and one duplex of DNA, Form 2 contains two dimers and two duplexes of DNA and Form 3 contains one monomer and one strand of DNA in the respective asymmetric units. All refined structures of SgrAI bound to DNA show the same global conformation ( Figure 1A) . In all forms, SgrAI (recognition sequence CR|CCGGYG) forms a dimer very similar to those of NgoMIV (recognition sequence G|CCGGC) (12), Cfr10I (recognition sequence R|CCGGY) (11) and Bse634I (recognition sequence R|CCGGY) (29) . (As Bse634I is 31% identical, and 54% similar, in sequence to Cfr10I, structural comparisons were made only with Cfr10I.) The DALI (30) server was used to align the structures of SgrAI with NgoMIV and Cfr10I, shown in Figure S1 as underlined regions of the sequences. In Figure 1A , portions of SgrAI that do not align with NgoMIV or Cfr10I are colored in red or blue, respectively, and those that align with neither are colored in purple. The segments of NgoMIV and Cfr10I that do not align with SgrAI are colored red in Figure 1B and C, respectively. NgoMIV and Cfr10I form tetramers at the face of the dimer opposite the DNA binding face (arrows, Figures 1B-C, 2A and 3A) . Segments of these proteins involved in tetramer formation are not conserved in SgrAI (red, Figure 1B and C) and no tetrameric structures like those of NgoMIV or Cfr10I are found in any of the SgrAI crystal forms.
Modeling was performed to assess the possibility that SgrAI could form tetrameric complexes like those of Cfr10I and NgoMIV. Figure 2 shows the tetrameric interface of Cfr10I ( Figure 2B and D) . The amount of solvent accessible surface area (SASA) buried in the dimer-dimer interfaces of the Cfr10I tetramer and the modeled SgrAI tetramer is 4172 and 1027 Å 2 , respectively. Figure 3 shows the tetrameric interface of NgoMIV ( Figure 3A ) and the model of SgrAI ( Figure 3B ) after superposition of each subunit of SgrAI onto those of NgoMIV. Rather than the lack of contacts seen for the Cfr10I-type interface ( Figure 2B and D) , the interface is overlapped in the SgrAI tetramer model (arrows, Figure 3B ). The amount of buried SASA in the NgoMIV tetrameric interface and that of the SgrAI-modeled tetramer is 12 918 and 10 937 Å 2 , respectively. However, over 3000 close contacts or steric overlaps are found in the SgrAI tetramer model. Clearly, if SgrAI forms a tetramer at this surface, it is different from those of Cfr10I and NgoMIV, which are dissimilar from each other as well.
Protein-DNA contacts
Contacts between SgrAI and the base edges of one-half site of the bound DNA from the Form 1 structure are shown in Figure 4A and C, and schematically in Figure 4B and D. The contacts to the central CCGG bases are identical to those found in the NgoMIV/DNA structure (recognition sequence G|CCGGC, Figure 5A ) and utilize the common segment RSDR in both proteins (found as RPDR in Cfr10I). No direct contacts are made to the TA base pair, where the SgrAI specificity is YR, however an unusual DNA distortion is made by Lys 96 ( Figure 4C ). The side chain of Lys 96 contacts the outer G of the SgrAI recognition sequence CRCCGGYG from the minor groove and unstacks this base from the T that just precedes it. This distortion could be contributing to sequence specificity. The outer G is directly contacted by Arg 31; both Arg 31 and Lys 96 are from a different subunit in the dimer than the residues contacting the GG nucleotides that just precede the T (as well as their base pairing C nucleotides). The G:G mismatch does not perturb the protein-DNA interface since no contacts are made to the C of CRCCGGYG, which is replaced by a G in the mismatch of Form 1. This mismatched and non-cognate G (GRCCGGYG) takes on a syn orientation, allowing hydrogen bonding to the opposite G, and minimally perturbing the duplex conformation ( Figure 5B ).
Active site structure
All three crystal form structures (Forms 1-3) of SgrAI bound to DNA were determined from crystals grown in the presence of Ca 2+ , and that of Form 2 has also been determined from crystals grown in the presence of Mn 2+ . The structures with Ca 2+ (yellow, Figure 6A ) show two Ca 2+ bound in each active site, near the phosphate of the scissile phosphodiester bond (SP, Figure 6A ) in sites identified as M1 and M3 ( Figure 6A) . A schematic describing the interactions around the Ca 2+ ions is shown in Figure 6B , however the ligations around the M3 Ca 2+ are variable in the different active sites and crystal forms, with ligation by both oxygens of Glu 103 in some, and also differing in the number of ligated water molecules. The structure with Mn 2+ has been refined to 2.2 Å with R cryst of 17.4% and R free of 24.0% (Table 1) . The M1 site is strongly occupied by Mn 2+ (purple sphere at M1, Figure 6A ), identified by very strong electron density (simulated annealing omit 2FoÀFc electron density, blue, 1s, red, 8s, Figure 6C ), and strong peaks in the anomalous difference map (11s and 7s in each active site). A second Mn 2+ in each active site is identified by a weaker but substantial anomalous difference signal in the M3 site (3s), and refinement indicates partial occupancy (0.3-0.4 in the two active sites) (purple sphere at M3, Figure 6A) . A schematic describing interactions around the Mn 2+ ions is shown in Figure 6D . The DNA is uncleaved in both Ca 2+ and Mn 2+ bound structures, and the conformations of the protein and DNA are very similar ( Figure 6A ).
The type II REs contain an active site motif, PDX 9-18 (E/D)YK, where X represents any amino acid type, and Y represents a hydrophobic residue (8) . The D and (E/D) residues of the motif have been found to ligate the divalent cation(s) in RE crystal structures, and as proposed in the two-metal-ion mechanism ( Figure 7A ). The PDX [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] (E/ D)YK motif differs in Cfr10I, where the (E/D) residue is replaced with serine. Experimental data suggest that the (E/D) residue in Cfr10I derives instead from a different residue, namely Glu 204, making the motif PDX 55 KX 13 E (31). Glu 204 of Cfr10I is conserved in both NgoMIV (Glu 201) and SgrAI (Glu 256), however, does not directly ligate either of the two Mg 2+ found in the NgoMIV structure (closest approach, 4.3 Å ), nor the Ca 2+ or Mn 2+ of the SgrAI structures (closest approach, 12 Å , Figure 7B ). Residue Glu 103 of SgrAI, also conserved in Cfr10I (Glu 71) and NgoMIV (Glu 70), ligates the M3 ion in the SgrAI structures, however, Glu 70 of NgoMIV does not directly ligate either bound Mg 2+ ion. One or both of these acidic residues may serve to replace the (D/E) residue of the motif by interacting with the M2 metal ion through its water ligands rather than through direct ligation. As in Cfr10I, both SgrAI and NgoMIV are also missing the (E/D) of PDX [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] (E/D)YK, having alanine or serine at this position, respectively. Interestingly, an acetate molecule (pink and red, Figure 7B ) is found in . However, acetate is not required for DNA cleavage by NgoMIV (12) or SgrAI ( Figure S3) , and was not located in any of the SgrAI structures. A surface representation of NgoMIV reveals a pocket where the acetate binds ( Figure 7C ). This pocket is shallower in SgrAI ( Figure 7D) , and blocks the position occupied by acetate in NgoMIV. Therefore, acetate appears unlikely to bind SgrAI in its current conformation.
The enzyme SfiI shares some properties with SgrAI; it is also a 'rare cutter' (cut site GGCCNNNN|NGGCC) and biochemical data suggest the formation of a tetramer. SfiI requires the binding of two recognition sites for cleavage, and cleavage occurs in a concerted manner (32) . The structure of SfiI bound to DNA has been determined (2) and shows a tetramer where each active site binds a single Ca 2+ bound in what we term the M1 site (SfiI shown in magenta, red, blue, SgrAI shown in cyan, red, blue, Figure 8A ). The positions of the bound DNA relative to the active sites differ in the two structures ( Figure 8A ). 
DISCUSSION
DNA cleavage and analytical ultracentrifuge data indicate that SgrAI exists predominantly as a dimer in solution, but forms a higher order oligomer upon binding to DNA containing the SgrAI recognition sequence, CR|CCGGYG (4-6,9,10). In addition, DNA cleavage by SgrAI is faster on plasmids containing two copies of this site than on plasmids bearing only a single site (4). The acceleration occurs at both the cognate recognition sequence, and at secondary sites: CR|CCGGY(A,T,C) and CR|CCGGGG. A plausible mechanism for the activation involves the formation of a tetramer of SgrAI, with two DNA-binding sites, where DNA cleavage at one binding site can be communicated to the other. Tetrameric complexes with two DNA-binding sites have been observed in the structures of the relatives NgoMIV (12) and Cfr10I (11) , which also cleave plasmids bearing two recognition sites faster than those bearing only one. However, neither NgoMIV nor Cfr10I show the alteration of DNA specificity exhibited by SgrAI.
Structures of SgrAI bound to cognate (CACCGGTG) and non-cognate (GACCGGTG) DNA with Ca 2+ or Mn 2+ have been determined. In all structures, SgrAI forms a dimer very similar to those of Cfr10I and NgoMIV (Figure 1) . Alignments of the structures show that SgrAI is more similar to Cfr10I, having some small deletions and several insertions relative to Cfr10I (blue, Figure 1A , red, Figure 1C , Figure S1 ). NgoMIV and Cfr10I form tetramers in the crystal structures, with the tetrameric interface at the end of the dimer opposite to that of the DNA-binding site (arrows, Figures 1B-C, 2A  and 3A) . However, the tetrameric interfaces of NgoMIV and Cfr10I are very different. The NgoMIV dimer-dimer interface is extensive, burying over 12 000 Å 2 of solvent accessible surface area. NgoMIV also uses a segment to form a loop which binds to the surface of the second dimer in the tetramer (arrows, Figures 1B and 3A) . This segment is folded back onto the body of the dimer in SgrAI (arrow, Figure 1A ) and Cfr10I. A model of a SgrAI tetramer based on that of NgoMIV shows many steric overlaps and close contacts ( Figure 3B ). The tetramer of Cfr10I is stabilized by residues at the end of an alpha helix (arrow, Figures 1C, 2A and C) , which are absent in SgrAI ( Figures 1A, 2B and D) . The dimer-dimer interface of Cfr10I buries a little over 4000 Å 2 , however, a model of a similar interface in SgrAI buries only 1000 Å 2 . Clearly, the tetrameric interface of SgrAI must be unique from those found in NgoMIV and Cfr10I.
No crystal structure of Cfr10I bound to DNA has been determined to date, however, that of NgoMIV bound to DNA is known (12) . The DNA contacts by NgoMIV are very similar to those by SgrAI at the core CCGG sequence ( Figure 5A ). The contacts made by NgoMIV to the G-C base pairs just outside of the CCGG sequence are absent in SgrAI, instead, SgrAI may specify the R-Y base pairs using indirect readout ( Figure 4C ). Lys 96 approaches the DNA from the minor groove and may stabilize the conformation of the DNA where the outer G of the SgrAI recognition sequence CRCCGGYG (Gua 8) is unstacked from the Y (Thy 7). Unstacking of YR steps is one of the more common types of DNA distortions used in the indirect readout of DNA sequences (33, 34) . The outer C-G base pair, unique to the SgrAI recognition sequence (CRCCGGYG), is recognized by Arg 31 to the G ( Figure 4A) , and no contacts are made to the outer C of CRCCGGYG. Interestingly, the structure formed by residues 1-31 in SgrAI is absent in both Cfr10I and NgoMIV (Figure 1, Figure S1 ).
SgrAI is only the third 'rare cutting' RE structure determined in the presence of bound DNA, the others being NotI (1) and SfiI (2) . In addition, the structure of SdaI (35) has been determined without bound DNA. The DNA bound structures show a common theme, namely that the outer two base pairs of the 8 bp recognition sequence are contacted only singly, while the inner base pairs are fully saturated with interactions at both bases, just as is typically seen in 6 bp cutting REs. The comparison of DNA recognition by SgrAI and the 6 bp cutting NgoMIV shows that the recognition of the common core base pairs (CCGG) is identical in the two enzymes, and the additional base pair at the beginning and end of the SgrAI site is recognized only at the G of the CG base pair (by Arg 31). The fact that only the G of the outer CG base pairs is contacted accounts for the ability of SgrAI to bind the GG mismatch at this position ( Figure 5B ).
Several models for the catalytic mechanism of DNA cleavage by REs have been proposed (36, 37) which are also similar to those proposed for other classes of DNA nucleases (38) . The two-metal-ion mechanism shown in Figure 7A can be used as a framework for understanding the variations in the proposed mechanisms. Mechanistic differences include the number of metal ions, where 1, 2 and 3 have been proposed. Other differences include the absence or presence of ligations of the metal ions to the phosphate of the scissile phosphodiester bond (SP, Figure 7A ) and to the O3 0 atom, the leaving group of the reaction. Interactions with the lysine and 3 0 phosphate (3 0 P, Figure 7A ) may also be absent, and some REs contain a different amino acid in the place of the lysine. In the two-metal-ion mechanism shown in Figure 7A , both metal ions, M1 and M2, ligate the phosphate of the scissile phosphodiester bond (SP, Figure 7A ) to position and electrostatically stabilize the transition state. The M1 ion ligates and orients a water molecule activating it for an attack on the phosphorus by stabilizing its deprotonated state hydroxide, which is more nucleophilic than water. The neighboring 3 0 phosphate is often within hydrogen bonding distance to the nucleophilic water and may act as the proton acceptor. The M2 ion also ligates the O3 0 leaving group and stabilizes the negative charge that forms on this atom after cleavage of the P-O3 0 bond (red line, Figure 7A ), and an M2 bound water molecule donates a proton to the O3 0 . However, direct ligation of the O3 0 is not observed in all RE structures. The function of the lysine is not known, but it may serve to orient and/or activate the nucleophile, or in electrostatic stabilization of the transition state. In NgoMIV, this lysine (Lys 187) forms a salt bridge with the cleaved phosphate, but in SgrAI it is too distant for hydrogen bonding to SP (4. (40) (41) (42) . The structure of SgrAI bound to DNA and Ca 2+ shows two ions per active site, one in the M1 site, but the second is distal from the DNA (Figure 6A and C), which does not make the expected contacts to the DNA ( Figure 7A ), and we call this site the M3 site. As expected, the DNA is uncleaved in the Ca 2+ bound structure ( Figure 6A) .
The divalent cation Mn 2+ will often confer activity to Mg 2+ -dependent enzymes (43) (44) (45) (46) . The greater number of electrons of Mn 2+ allows for better identification in the electron density relative to Mg 2+ , which has the same number of electrons as water molecules. The structure of SgrAI with Mn 2+ shows strong occupancy in the M1 site (purple sphere, Figure 6B Figure 6A ) positioned for in-line attack of the phosphorus and displacement of the O3 0 atom with water-P distance of 3.4 Å and a water-P-O3 0 angle of 1738 in the Mn 2+ bound structure. This water molecule is also hydrogen bonded to the 3 0 phosphate (3 0 P, Figure 5A ), an interaction that may be catalytic (47) . Surprisingly, the DNA is uncleaved (red, green, blue, Figure 5A ), and occupies a similar position in all of the SgrAI structures. The absence of an M2 ion may be responsible for the lack of DNA cleavage, if DNA cleavage of SgrAI utilizes the two-metal-ion mechanism ( Figure 7A ). Two Mg 2+ ions are found in the structure of NgoMIV bound to DNA, and NgoMIV is proposed to utilize a two-metal-ion mechanism (12) .
A superposition of the structures of NgoMIV and SgrAI, using the alpha carbon atoms of conserved active site residues, is shown in Figure 8B . The M1 Ca 2+ of SgrAI (green sphere, M1, Figure 8B ) is very close (0.6 Å ) to the M1 Mg 2+ of NgoMIV (magenta sphere, M1, Figure 8B ). The DNA is cleaved in the NgoMIV structure indicating that the enzyme has carried out the DNA cleavage reaction. The DNA is uncleaved in the SgrAI structures, although Mn 2+ is known to confer catalytic activity to the enzyme ( Figure S2 ). In both the SgrAI and NgoMIV structures, the M1 ion is positioned as predicted by the two-metal-ion mechanism, ligated to both an oxygen of the phosphate of the scissile phosphodiester bond (SP, Figure 8B) , and a water molecule positioned for in-line attack on the phosphorus of the SP. No M2 ion is found in either Mn 2+ or Ca 2+ bound structures of SgrAI, and that found in the M3 site is distal from the DNA, indicating that the M2 site predicted by the twometal-ion mechanism is not available in the SgrAI structure for binding by either divalent cation. Interestingly, a third, distal, metal ion binding site is also found in EcoRV (48) , and movement of metal ions between sites has been suggested to occur during the DNA cleavage reaction (49).
In addition, even the M2 ion found in NgoMIV is incorrectly positioned in SgrAI for the two-metal-ion mechanism of DNA cleavage shown in Figure 7A . Using the superposition of the SgrAI and NgoMIV structures, the M2 Mg 2+ of the NgoMIV structure is found to be too distant from the SgrAI DNA to ligate the phosphate of the scissile phosphodiester bond or the O3 0 (2.8 and 4.3 Å , respectively, red dashes, Figure 8B ). It is possible that the M2 Mg 2+ of NgoMIV is shifted as a result of DNA cleavage, and would occupy a more optimal position for the cleavage reaction prior to cleavage. Alternatively, the DNA may not be positioned optimally in the SgrAI structure, which may be the cause for the lack of DNA cleavage in the Mn 2+ bound structure. An altered position of the DNA could decrease the affinity of the second ion for the M2 site.
The biochemical data suggest that SgrAI can exist in at least two conformations, with one possessing an inherently greater DNA cleavage activity than the other. The observed stimulation of DNA cleavage activity could be accomplished by shifting the equilibrium from the low to the high activity form, possibly through formation of a higher order oligomer favoring the high activity conformation. The rate of DNA cleavage may be controlled by the positioning of groups in the active site, where the optimal alignment results in faster DNA cleavage kinetics. Analysis of the active sites of SgrAI shows very similar placement of all groups, including the DNA, in the various crystal structures ( Figure 6A ), indicating that only a single conformation of the enzyme has been determined. Given that SgrAI should favor a low activity conformation prior to activation, that activation appears to require binding of two copies of the target sequence by presumably a tetramer of SgrAI, and the possibility that the uncleaved DNA is mispositioned in the structures of SgrAI, we conclude that these structures represent the low activity conformation of SgrAI.
In summary, we present the three-dimensional crystal structure of SgrAI bound to DNA in three crystal forms. In all forms, SgrAI forms a dimer very similar to NgoMIV, and especially Cfr10I, but in none does SgrAI form a tetramer. The first and last base pair of the 8 bp recognition sequence is recognized by one amino acid contact to one base of the base pair, as in other 'rare cutting' restriction endonucleases, perhaps as a result of recent evolutionary changes (1) . The conformation within the active site is very similar in all SgrAI structures, and has been characterized with Ca 2+ and Mn
2+
. Two Ca 2+ or Mn 2+ bind per active site, however only one is in a position predicted by the two-metal-ion mechanism, the M1 position. The DNA is not cleaved, indicating that the structure is of an inactive form. Inactivity could be due to the positioning of the DNA and/or the lack of binding the second metal ion, in the M2 position. The structure of SgrAI with cleaved DNA will be necessary to fully understand the allosteric mechanism employed by this enzyme.
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